Three classes of proteins are known to nucleate new filaments: the Arp2/3 complex, formins, and the third group of proteins that contain ca. 25 amino acid long actin-binding Wiskott-Aldrich syndrome protein homology 2 domains, called the WH2 repeats. Crystal structures of the complexes between the actin-binding WH2 repeats of the Spire protein and actin were determined for the Spire single WH2 domain D, the double (SpirCD), triple (SpirBCD), quadruple (SpirABCD) domains, and an artificial Spire WH2 construct comprising three identical D repeats (SpirDDD). SpirCD represents the minimal functional core of Spire that can nucleate actin filaments. Packing in the crystals of the actin complexes with SpirCD, SpirBCD, SpirABCD, and SpirDDD shows the presence of two types of assemblies, "side-to-side" and "straight-longitudinal," which can serve as actin filament nuclei. The principal feature of these structures is their loose, open conformations, in which the sides of actins that normally constitute the inner interface core of a filament are flipped inside out. These Spire structures are distant from those seen in the filamentous nuclei of Arp2/3, formins, and in the F-actin filament.
T he actin cytoskeleton is involved in many cellular processes, including cell motility, cell adhesion, endo/exocytosis, intracellular and membrane trafficking, and the maintenance of cell shape and polarity. These cellular functions require the dynamic remodeling of the actin cytoskeleton, which depends on the transition between monomeric actin (G-actin) and its filamentous state (F-actin) (1) . The initiation of actin polymerization from free actin monomers requires nucleation factors that help to overcome the kinetic barrier for formation of actin dimers and trimers (2, 3) . Three classes of actin-nucleation proteins have been identified until today: the Arp2/3 complex together with newly recognized nucleation-promoting factors such as WASH, WHAMM, and JMY (4-8), formins (9) (10) (11) (12) , and the third group of proteins that contain 17-27 amino acid long actin-binding motifs called the WH2 repeats-the name derived from the WASP (Wiskott-Aldrich syndrome protein) homology domain 2 (13) (14) (15) . The third group consists of Spire (16) , Cordon-bleu (17) , and Leiomodin from muscle cells (18) . The molecular mechanism of actin nucleation is well described for the Arp2/3 complex (19, 20) and formins (21) , whereas little molecular details are known about the nucleation by Spire.
Spire was first identified as an actin-binding factor necessary for the correct establishment of polarity axes of the oocyte in Drosophila (22) . It mediated actin-microtubule interactions and has important roles in membrane transport, although the upstream signaling pathways that regulate these functions have not been fully studied (23) (24) (25) . Spire is a 1,020 amino acid long, multidomain protein (Fig. 1A) ; the most important domains, from the point of view of actin organization, are localized in the N-terminal part of the protein. For example, the N-terminal domain of Spire (SpirNT, residues 1-520 ( Fig. 1A ) was shown to interact with G-actin. The KIND domain (the kinase noncatalytic C-lobe domain, residues 90-328) is known to interact with another actin-nucleating factor, Cappuccino (fly formin) (24, 25) . Spire has a cluster of four WH2 repeats. These WH2 domains, designated A, B, C, and D, are known to bind four actin monomers. Mutational studies indicated that, among the four WH2 domains of Spire, the C and D domains have the strongest nucleation potential and the C-D fragment is sufficient to initiate the polymerization process (16) . In an actin assembly assay, the ABCD nucleating region of Spire nucleates actin at low Spire/actin ratios and sequesters actin at high Spire/actin ratios (8, 16, 26) .
WH2 motifs are known to be intrinsically disordered, adopting an α-helical structure only upon binding to actin (27) . Alignments of WH2 domains indicate that the most conserved regions are the LKK motif and an α-helix at the N terminus ( Fig. S1 ). Comparing NMR and crystal structures of different WH2 domains, this conserved α-helix is shown to be the principal structural actin-binding element that binds to actin in its hydrophobic pocket between actin's subdomains 1 and 3 (28) (29) (30) (31) (32) . The rest of the WH2, comprising the LKK motif, extends along the outer surface of the actin subdomain 1 up to subdomains 2 and 4.
Here we provide the structural insight into the interaction of Spire with actin. Together with the results of our actin assembly assays, the structures provide a mechanism by which Spire initiates actin nucleation into filaments.
Results
Interaction of Spire and Actin in Solution. In order to physicochemically characterize the binding properties of Drosophila Spire, we performed NMR analyses ( Fig. S2 ) and gel filtration mobility shift assays for several constructs of Spire. Both NMR and gel filtration data showed that quadruple (SpirABCD), triple (SpirBCD), three identical D repeats (SpirDDD), double (SpirCD), and single WH2 of SpirC and SpirD bind four, three, three, two, and one actin molecules, respectively, and create tight and stable complexes with actin ( Fig. S3 ) (definition of the The authors declare no conflict of interest.
Data deposition: The crystallography, atomic coordinates, and structure factors have been deposited in the Protein Data Bank, www.pdb.org (PDB ID codes 3MMV, 3MN5, 3MN6, 3MN7, and 3MN9). 1 To whom correspondence may be addressed. E-mail: huber@biochem.mpg.de, holak@ biochem.mpg.de, or sitar@biochem.mpg.de. This article contains supporting information online at www.pnas.org/lookup/suppl/ doi:10.1073/pnas.1005347107/-/DCSupplemental. constructs is shown in Fig. 1A ). In gel filtration, peaks of the complexes from Superdex 200 were sharp and clearly separated from the unbound actin, and the sizes of the complexes were determined by the number of WH2 domains in the constructs, which correlated with the number of bound actins. The elution profiles of the unbound monomeric AP-actin, the mutant that we used for crystallization of Spire/actin complexes (33) , as well as wild-type rabbit muscle actin complexed with latrunculin B, were similar to the elution profile of ovalbumin (43 kDa, Stokes radius-30.5 Å). Because of the expected elongated shape of the complexes, the Stokes radii of complexes of SpirCD, SpirBCD, and SpirABCD were larger than for globular proteins of molecular weight 92, 136, 182 kDa, respectively. This, however, did not complicate the analysis because the binding of an additional actin per one WH2 domain more caused a significant shift in the peak position, well resolved from the species with one actin/WH2 unit less.
Our gel filtration data are, as expected, in agreement with the stoichiometry of Spire-actin binding determined by Bosch et al. (26) , Rebowski et al. (34) , and Quinlan et al. (16) , who found that, for example, the NT-SpireABCD (SpirNT in Fig. 1A ) "binds four actin monomers in a tight nonpolymerizable complex" (26) . The minimal functional core of the protein that still can assemble actin filaments contains the C-terminal half of the Spire WH2 cluster (SpirCD), which precisely is composed of WH2-C, L-3, and WH2-D (residues 428-485) ( Fig. 1A and Fig. S1 ; see also ref. 16 ).
The interaction of SpirBCD with G-actin was studied by fluorescence spectroscopy (Fig. 2) . The monomeric pyrene actin shows only a very low signal. Therefore, the Spire construct that contains 3 WH2 domains was primed with pyrene actin at a molar ratio of 2∶3 actin: WH2 domains. Under these conditions the actin remains in its G configuration. The stepwise titration of G-actin into a SpirBCD solution aims at the appearance of the first F-actin signal mediated by pyrenylated G-actin. We find the first F-actin signal only after all three WH2 domains of BCD have been filled with one actin monomer each. The addition of a fourth, even unlabeled G-actin caused a previously nonfluorescent pyrenylated G-actin in the BCD/3xactin complex to change into a fluorescent pyrenylated F-actin (this spectrum is shown in gray in Fig. 2 ). It is essential for this assay that the addition of unlabeled actin after the appearance of the first F-actin signal mediated by pyrenylated G-actin can lead to an increased fluorescence signal only if the preloaded pyrenylated G-actin is transformed into its F-actin conformation. This was the case when unlabeled actin was added beyond the 1∶1 ratio of actin: WH2 domains (Fig. 2 ). The data thus suggest a stepwise integration of the WH2-bound G-actins into an emerging F-actin nucleus.
Crystal Structure of a Single WH2 Domain of Spire and Actin. A highresolution structure of the SpirD/actin-latrunculin B complex was determined at up to 1.6 Å in space group P2 1 2 1 2 1 and a unit cell a ¼ 52.96 Å, b ¼ 71.81 Å, c ¼ 100.72 Å by Patterson search molecular replacement using the model of rabbit actin (PDB ID code 1NWK) (35) . The overall structure of the single WH2 domain is similar to those previously solved structures of WASP, WASP homologous proteins (PDB ID codes 2A32, 2A40, and 2A41) (30) , N-WASP (PDB ID code 2VCP), and Ciboulot (PDB ID code 1SQK), (28) ( Fig. 1B and Fig. S4 ). SpirD comprises residues Ser449-Glu484; Pro461 is the first residue defined by the electron density, which, at the C-terminal part, is truncated after Ile480. The structure of SpirD WH2 consists of a three-turn amphipatic α-helix, whose hydrophobic side includes the highly conserved residues Leu467, Met468, and Ile471. These residues are bound in the hydrophobic cleft formed between subdomains 1 and 3 at the barbed end of the actin monomer followed by the approximately 10 amino acids long C-terminal tail covering the surface of actin between subdomains 2 and 4.
Crystal Structures of the SpirCD/AP-Actin, SpirBCD/AP-Actin, SpirDDD/ AP-Actin and SpirABCD/AP-Actin complexes. Complexes of SpirCD/ AP-actin, SpirBCD/AP-actin, SpireDDD/AP-actin, and Spir-ABCD/AP-actin, which diffracted to 2.6 Å, 2.0 Å, 2.1 Å, and 2.2 Å, respectively, crystallize in the space group P6 5 , with one molecule in the asymmetric unit (Table S1 ). Processing the SpirBCD/AP-actin data in the subgroup of lower symmetry, P2 1 , and three actin molecules in the asymmetric unit, gave insignificantly better integration statistics (R meas were 5.7% for P2 1 and 6.8% for P6 5 ). We carried out the analysis of the SpirBCD data in the lower symmetry to check for any differences in the electron densities among the three WH2 repeats and possibly to see electron density for the linker segments. This, however, was not materialized (see below).
In all complexes entire actin molecules are well-defined in the electron density maps, except for the first three amino acids and the region between residues 39-49, which corresponds to the Dnase I-binding loop in domain 2.
As expected from crystal symmetry and packing, the electron densities for the WH2 domains in all complexes correspond to one structure that resulted from averaging between the three B, C, and D domains in the SpirBCD/AP-actin complex, two C and D domains in the SpirCD/AP-actin complex and four A, B, C, and D domains in the SpirABCD/AP-actin, and three D domains in SpirDDD (Fig. 1C ). Except for SpirDDD (see below), we thus could not fit specific amino acids of WH2-A, WH2-B, WH2-C, and WH2-D to the electron density (except for the conserved residues), and therefore a polyglycine model of SpirABCD, SpirBCD, and SpirCD was built in. The conserved residues of the three WH2 repeats marked in Fig. 1 B-D can be recognized, but have not well-defined electron densities ( Fig. 1C and Fig. S4 A-C). The fact that there is no difference in the structures of the SpirBCD, SpirABCD, and SpirCD obtained from the P6 5 and lower symmetry groups argues for the equivalent averaging of all WH2 domains.
It is important to realize that the "averaging" could result from two scenarios. The first possibility is the crystallization of a mixture of complexes where one actin binds one WH2 domain of SpireCD, SpireBCD, or SpirABCD, with the rest of the WH2 domains having a random conformation. In this case the stoichiometry of the complex, for example, for SpirCD would be one actin molecule per one SpirCD. This scenario is not in agreement with the experimental data because we have always the binding of two actin molecules per one SpirCD and so on. In the second mechanism, the averaging in the crystals of SpirCD/AP-actin, SpirBCD/AP-actin, and SpirABCD/AP-actin results from the "shifted" binding of different WH2 domains to equivalent actins along the longitudinal arrangement of actin "columns" in the crystal. To unequivocally characterize the averaging seen in the crystals, we prepared an artificial Spire WH2 construct comprising three identical D repeats, SpirDDD. We could determine the structure of the complex SpirDDD/AP-actin (Table S1 , Fig. 1D, and Fig. S4B ), and this structure unequivocally points toward the second mechanism, as now the side chains of the Spire helix are well determined by the electron density ( Fig. 1D and Fig. S4B ). The fact that the electron density for the linkers between D-D modules is not seen in the maps suggests that these fragments may be flexible.
The structures show that the "averaged" WH2 domain of Spir-ABCD, SpirBCD, SpirCD, and the D domain of SpirDDD binds between subdomains 1 and 3 of actin, and starting at the N-terminal part, forms a short 11-residue helix that further extends to the top of actin between subdomains 2 and 4 ( Figs. 1C and 3 B  and C) . The C-terminal tail of each of the WH2 domains is terminated around Asp25 of the actin molecule. In total, it gives 19 amino acids (glycines or alanines) that could be fitted into the electron density. Linkers L-2 and L-3, consisting of 11 and 12 amino acids, respectively, and L1 from SpirABCD containing 10 amino acids, have no electron density and are not visible in the structure (Fig. 1C) .
The arrangements of the complexes in the unit cell of SpirCD, SpirBCD, SpirDDD, and that of SpirABCD, are identical, but different from the organization of actin molecules in the crystals of the AP-actin alone (33) and that of our SpirD/actin-latrunculin B complex (Fig. 4 ). In the Spire/actin complexes the actin-actin interfaces are through the sides of the actin molecules on which the binding of Spire takes place (designated as the outer side of actin, Fig. S5 A and B) , whereas in actin alone and in the SpirD/actinlatrunculin B, the actin-actin interfaces are mostly through their inner sides-the parts of actins that participate normally in the central core of a filament ( Fig. S5 B and C) . This suggests that the specific arrangement of Spire/actin complexes is determined by the cluster of WH2 domains (although the crystal packing for short-range interactions between subdomains 1-3 of one actin molecule and subdomains 2-4 of the neighboring actins are solely determined by contacts between the large actin molecules) ( Fig. 4) .
Models for the Nucleating Arrangement Between Actin and Spire. The structures of the SpirCD/AP-actin, SpirBCD/AP-actin, SpirDDD/ AP-actin, and SpirABCD/AP-actin complexes suggest the molecular architecture of an actin/Spire nucleation seed. Because of the averaging of the structures of the WH2 domains, model building was based on the analysis of the distances between the C-and N-terminal parts of each single Spire repeat in the crystal arrangement. For this purpose, we searched for distances containing a proper number of amino acids of the linkers (not seen in the structures) that would be compatible with filling the gaps between the WH2 domains' N and C termini. There are actually only two ways for connecting the averaged WH2 domains of Spire. The nucleating arrangement can be either "sideto-side" (Fig. 3 A and B) or "straight-longitudinal" (Fig. 3C ). The first one can be "compacted" when formed inside the one asymmetric unit (Fig. 3A) or more "elongated" when connecting the neighboring asymmetric unit (Fig. 3B ). Here we present the models derived from the structure of the SpirBCD/AP-actin complex, identical to those of the SpirCD/AP-actin, SpirABCD/AP-actin, and SpirDDD/AP-actin complexes.
The arrangement of actin molecules in the SpirBCD/AP-actin complex is such that one asymmetric unit contains three WH2 domains ( Figs. 3 and 4A ). In the "elongated side-to-side" model in Fig. 3B , two WH2 domains bound to the two actins colored in green and blue are linked to one WH2 domain bound to the actin located below this asymmetric unit. In Fig. 3B , the distance between the C terminus of the Spire molecule bound to one actin and the N terminus of Spire bound to neighboring actin is approximately 16 Å, which is sufficient for both linkers L-2 and L-3 to connect the corresponding WH2 domains.
For the "compacted side-to-side" architecture, the distances between the N and C termini of WH2 domains bound to actins inside one asymmetric unit are approximately 23 Å. The calculated area of the interface between two actin molecules for this configuration (compacted side-to-side arrangement) is ca. 250 Å 2 , and it is twice as large as the one calculated for the elongated side-to-side arrangement. Because there are three actins in the asymmetric unit, the total area of actin-actin interactions for SpirBCD/AP-actin is equal to 750 Å 2 , which in solution should produce a tight Spire/actin complex. It should be noted here that the compacted side-to side conformation for SpirABCD would have to include a fourth actin molecule (Fig. S6 ), which is located in the neighboring asymmetric unit; however, the actin-actin interface between the third and fourth actins is still 250 Å 2 .
In the straight-longitudinal model, Spire connects one actin with its two symmetry closest molecules (Fig. 3C) . The distances between the N terminus of one WH2 domain and the C terminus of the next molecule are approximately 30 Å. This configuration of Spire/actin shows some intersubunit actin contacts that occur in one strand of the filament helix: i.e., the interface between 
Discussion
The spatial arrangements of actin molecules in the four Spir-ABCD, SpirBCD, SpirCD, and SpirDDD structures are of significance because they directly show the organization of a seed for actin nucleation, which represents a primary species that can evolve into a filament (Figs. 3, 5, Fig. S7 , and Movie S1). A stretch of WH2 domains is assumed to promote filament nucleation by positioning actin subunits for an emerging filament. In Fig. 3 , Spire assembles the nucleus by tethering three WH2-bound actin monomers either into the side-to-side conformations or into the straight-longitudinal arrangement. In the former ones, each actin molecule is at 60°to each other. The elongated side-to-side conformation is much looser than that seen in F-actin; there are short pitch actin-actin contacts between one actin molecule and its neighboring actins, but these are not the F-actin type interfaces (36, 37) . This Spire-actin structure is different from the long-pitch twist seen in the filament assemblies (36, 37) . The principal difference between this structure and the filament-like arrangement is that in the Spir(A)(B)CD/AP-actin complexes the actin sides that participate in the inner interface of a filament are flipped inside out, with Spire in the core of the side-to-side nucleus (cf. Fig. S5 ). This last feature of the elongated side-to-side conformation is also present in the compacted side-to-side arrangement. These arrangements might be the representation of a "nonpolimerizable" SA 4 complex described by Bosch et al. (26) . To "decorate" a full-fledged filament, the Spire has to be on the outside of the filament, and thus it must assume a less energetically favorable conformation, in which all loops (L-1, L-2, and L-3) are stretched into extended secondary structures ( Fig. 5  and Fig. S7 ).
In the straight-longitudinal model, the twist characteristics of the F-actin filament are not observed. There are some intersubunit actin contacts between adjacent actins. It is clear that both architectures constitute "open" conformations that are solvent permeable with the exposed ATP binding sites, the elongated side-toside conformation being looser than the straight-longitudinal one.
In our actin polymerization assay, our models would predict that Spir/pyrene-actin complexes show comparable fluorescence emission spectra to pyrenyl-G-actin alone. This is indeed observed. Further, and crucially important, the binding of the unlabeled G-actin to the preformed purified complex of SpirBCD/ pyrenyl-actin should be associated with a significant increase of fluorescence after each step of the titration until complete saturation of all lateral binding sites and the formation of longitudinal bonds between actin subunits in one strand of the filament has taken place, as seen in Fig. 2 .
Studies of Bosch and co-workers (26) show that at concentrations of SpirNT/actin 0-0.1 μM∕2.5 μM, respectively, Spire effectively nucleates actin (SpirNT, residues 1-520 ( Fig. 1A) . However, at these concentration ratios more than 99% of SpirNT is in the SpirNT/actin complex. At the concentration ratio of SpirNT/actin of 10 nM∕2.5 μM, the polymerization is 2 orders of magnitude slower than expected if a total fraction of the SpirNT/actin complex was an actual nucleus. This suggests that only part of the Spire/actin complex forms a highly active nucleus that leads to rapid polymerization of actin. We propose that the compacted side-to-side conformation represents an initial step of binding of Spire to actin and constitutes a stable complex, which then isomerizes to the elongated side-to-side orientation and later to the straight-longitudinal configuration. The latter configuration might represent a direct nucleus (the actin-actin contacts are more extensive), which would be active just before the rotation to form the filamentously twisted structure. This suggests a simple, yet internally consistent, mechanism for Spiremediated filament nucleation. The transition from the compacted side-to-side arrangement to the elongated side-to-side conformation of Fig. 5A and Fig. S7A is followed by recruitment of free actin monomers ( Fig. 5B and Fig. S7B ). In the side-to-side arrangement, all "inner" sides of actins (as defined in Fig. S5 ) are pointing away from the center of the complex. Binding of two free actins to these domains of the actins in the SpirD and SpirC positions ( Fig. 5B and Fig. S7B ) induces rotation of the SpirC/actin by ca. 120°with respect to the SpirD/actin ( Fig. 5C and Fig. S7C ) and so on ( Fig. 5D and Fig. S7D ). Alternatively, the recruitment of free actins might occur just after the isomerization of Spire/ actin complexes from the side-to-side arrangements into the straight-longitudinal configuration. This zipper-like nucleation leads to the mature filament (Movie S1). A stable filamentous assembly is thus formed, which is sufficient for rapid filament elongation. In this interpretation, Spire would arrange for filament-like actin conformations ( Fig. 5E and Fig. S7E ) that are "tightening" into the "packed" full filaments after being processed by the ring-like structures of formins (14, 25, 26) .
It was initially proposed that actin subunits in the Spire/actin complex interact via the longitudinal bonds that form one strand of the long-pitch helix in the filament, thus making a filament template or nucleus (16) . There was, however, little experimental evidence to support such a model (which has different packing of actin molecules from that of our straight-longitudinal configuration). Recent X-ray scattering analysis of the complex of actin with an artificial tandem of WH2 domains could be interpreted as if a Spire-like protein promotes polymerization by aligning actin subunits in a single strand along the long-pitch helix of the actin filament (34) . We, however, propose that the model described by Rebowski et al. (34) , which would also be compatible with our data, shows a final stage of the nucleation rather than the initial step of the actin seed formation.
Our model of the nucleation by Spire is also supported by the nucleotide exchange studies of Bosch et al. (26) , which show that the nucleotide exchange is only slightly slowed down in the SpirNT-actin complex, indicating an actin arrangement different to filamentous assembly. In SpirNT/actin, ATP dissociates from all four actins in the complex in a single exponential process, indicating that the nucleotide exchange rate is similar for all actin subunits within the complex (26) . Thus, the ATP binding sites in all actin molecules have to be freely accessible for the ATP exchange. This is true for the loose elongated side-to-side structure. In F-actin, the ATP exchange is totally inhibited, as the ATP binding sites are blocked by adjacent actin molecules (26) . Our Spire nucleation model is also in agreement with the mutational data of Quinlan et al. (16) . Spire promotes filament formation even when all three linker sequences are mutated to the flexible Gly Ser residues, as long as the lengths of the linkers are preserved. In our structures and side-to-side model the linkers are flexible, but their lengths may influence the specific arrangements of actin molecules. On the other hand, recent studies show that the L3 linker is important for actin assembly, and when it is introduced between the two rat N-WASP WH2 domains, L3 can convert rat N-WASP into the Arp2/3-independent nucleator (7) . Although the linkers are not visible in our structure, their presence might be vital for free actin recruitment and further nucleation. It is worth mentioning here that the L3 linker is the longest amino acid sequence among all the linkers in Spire [12 residues long vs. 10 and 11 for the two other linkers (Fig. S1 )] and longer than the linkers in N-WASP (8 residues, rat and human).
Spire-mediated actin nucleation can also involve direct interaction of the KIND domain of Spire with the FH2 domain of the Cappuccino formin (25) . This interaction influences the actinnucleation properties of both binding partners. Quinlan et al. (25) suggest that Spire initiates the nucleation of filaments, which are then elongated at the barbed end by FH2 domains of the Cappuccino formin. This mode of Spire action would be in agreement with the results presented here, which suggest that Spire stays associated with the pointed end of actin filaments, whereas for-mins processively move along with the actin barbed ends of the actin structures similar to those shown in Fig. 5 .
Materials and Methods
Detailed protocols of protein purification, crystallization, and X-ray data analysis are available in SI Materials and Methods.
Data Collection and Structure Determination. X-ray datasets of the SpirD/ actin-latrunculin B (1.6 Å), SpirBCD/AP-actin (2.0 Å), SpirABCD/AP-actin (2.2 Å), SpirDDD/AP-actin (2.1 Å), and SpirCD/AP-actin (2.6 Å) were collected on the Swiss Light Source beamline PXII at the Paul Scherrer Institut. The datasets were integrated, scaled, and merged by XDS and XSCALE programs (38) (Table S1 ). The structures were determined by molecular replacement.
Fluorescence Measurements. Fluorescence measurements were carried out on a Perkin Elmer fluorometer with SpirBCD and rabbit skeletal muscle actin. Pyrenylated and unlabeled actin was isolated according to routine purification procedures. Fluorescence emission was monitored under polymerizing conditions between 350 and 500 nm at an excitation of 342-nm and 8-nm slit widths. The actin was added stepwise to a SpirBCD solution in 800 μL F buffer (10 mM imidazole, pH 7.2, 2 mM MgCl 2 , 1 mM ATP, 0.2 mM CaCl 2 ), the sample was mixed and incubated for 3 min at room temperature before starting the scan. Under the conditions used (actin concentrations below 1 μM, short time schedule of the measurements), actin alone did not polymerize and the obtained changes in fluorescence emission required the presence of the Spire construct.
